• Ultraclean and high quality FCC gasoline can be obtained by GARDES technology • Deep desulfurization can be achieved by removing sulfur compounds at different stage • Olefin reduction with acceptable octane loss can be realized by hydroisomerization • GARDES technology has more flexibility on the hydrodesulfurization unit of refinery Abstract Gasoline aromatization and desulfurization (GARDES) technology is extensively used in refineries of Petrochina, aiming to produce high quality ultraclean fluid catalytic cracking (FCC) gasoline. This article introduces the industrial application results on the hydrodesulfurization unit of the Hohhot refinery, which plays an important role in guiding next round gasoline upgrading. The characteristics and the principle of GARDES technology were elaborated by analyzing the distribution of sulfur and hydrocarbon compounds in the feed and product. The analysis results proved that the presence of broad ranged sulfur types in the feed can be removed at different stages. Olefin can be decreased by saturation and conversion into i-paraffins and aromatics. The sulfur content of the blend product can be limited under 10 mg/kg, showing GARDES technology has excellent sulfur removal ability. The olefin reduction can also satisfy the ever-increasing severe requirement about the olefin limitation, while the loss of research octane number (RON) can be minimized to an acceptable level. Furthermore, according to the demand of gasoline upgrading, GARDES technology has great flexibility by adjusting operation condition without any further investment, which brings more economic benefits for refinery.
10 mg/kg and 24 vol.%, respectively [1] . Depending on the refinery configuration, the gasoline pool is comprised of different distillates coming from reformate, isomerate and FCC gasoline, etc. [2, 3] . In China, FCC gasoline containing 90% sulfur and olefin generally accounts for 70% of the gasoline pool, while other blending components such as reformate and isomerate containing negligible sulfur and olefin but high octane number only shares 20% of the gasoline pool [4] . It is significantly different from the configuration of United States and Europe wherein FCC gasoline contributes about 30% to the gasoline pool [5, 6] . Consequently, Chinese refineries face more challenges in reducing sulfur and olefin due to the irrational configuration of the gasoline pool.
Technologies based on the hydrodesulfurization are effective in the removal of sulfur compounds; however, always accompanying olefin saturation would result in the loss of octane number [7, 8] . Among the existing technologies, selective hydrodesulfurization such as Prime G + and SCANfining technology have been applied in refineries over the world [9] [10] [11] . However, because of the specification about the limitation of olefin content in the new regulation, such selective hydrodesulfurization processes are not suitable for the refineries that share a large part of FCC gasoline. Another hydrotreating technology such as OCT-Gain and UOP-INTEVEP's ISAL process combines deep hydrodesulfurization with octane recovery through isomerization of the paraffins, alkylation or cracking into high octane compounds [12] [13] [14] . However, the RON loss resulted from almost complete olefin saturation is difficult to compensate by isomerization and cracking approach. Furthermore, cracking into light products might lead to yield loss, which is also terrible for the economic benefits. To sum up, the clash between hydrodesulfurization and olefin reduction while minimizing the loss of octane number is becoming a great challenge.
In order to solve the above stated problem, the China University of Petroleum (Beijing) and Lanzhou Petrochemical Research Center of Petrochina have developed the FCC gasoline hydro-upgrading technology called GARDES, which has been applied in seven hydrodesulfurization units of Petrochina. Three reactors and one splitter were cascaded in the process in order to achieve prehydrogenation, separation of the full range FCC gasoline, hydrodesulfurization of the heavy fraction and olefin directional conversion. Fan et al. have reported the laboratory results about the last two reactors [15] , but lacking industrial data, which were always different from the lab test due to the amplification effects. This work aimed to find the characteristic and principle of GARDES technology based on the industrial application data. First, it was necessary to investigate the configuration of the gasoline pool and the properties of the FCC gasoline feed. Then, the hydrodesulfurization and olefin conversion ability were also studied by analyzing the sulfur distribution and the change of hydrocarbon composition at each step. Eventually, detailed industrial operation experiences for the other refineries were provided.
EXPERIMENTAL
Process of GARDES technology Figure 1 shows the schematic of the GARDES process used in the hydrodesulfurization units of Hohhot refinery. First, the FCC full range gasoline was treated in the prehydrogenation reactor (Reactor I) to remove thiols compounds. Then, the product of prehydrogenation (Product I) was sent into a splitter to be separated into light fraction and heavy fraction, in which the light fraction containing high olefins and few sulfur compounds was used to blend with the heavy fractions after hydrogenation. The heavy fraction containing less olefins and high sulfur compounds was continued to be hydrotreated in the hydrodesulfurization reactor (Reactor II) to remove part of the sulfur compounds. Following, the effluent of the hydrodesulfurization entered into the RON recovery reactor (Reactor III) where the rest of the sulfur compounds were eliminated, and on the other hand, olefin directional conversion into i-paraffins and aromatics were achieved. Finally, the product of heavy fraction (Product II) is blended with the light fraction to obtain ultraclean FCC gasoline with acceptable loss of RON.
Operating condition of the hydrodesulfurization unit GARDES technology included three reactors, one splitter and the corresponding catalysts. The three reactors were prehydrogention, hydrodesulfurization and RON recovery reactor, represented by Reactor I, Reactor II and Reactor III. The corresponding product of Reactor I was referred as Product I. Product II was obtained by cascading Reactor II and Reactor III. The operating conditions and the properties of the corresponding catalysts are presented in Table 1 .
Feed and product analysis
The hydrocarbon composition was characterized by PONA method using gas chromatography (Varian CP-3800), with accompanying software purchased from Research Institute of Petroleum Processing (RIPP). The di-olefin content was expressed as maleic anhydride value (MAV) using the UOP Method 326-07. Sulfur distribution was analyzed by gas chromatography (Agilent 7890A) using SCD 355 detector. Thiols content was tested by a Metrohm (916 Ti-Touch) potentiometric titrator using the GB/T 1792-1988 method.
Total sulfur content was determined by a sulfur and nitrogen analyzer (TSN-2000) using the SH/T 0689--2000 method. Distillation tests were performed using standard ASTM D86. RON was detected upon on an engine using the GB/T 5487-1995 method.
RESULTS AND DISCUSSION

Configuration and properties of the gasoline pool
The configuration and the composition of the commercial blend gasoline pool in Hohhot refinery reflected a typical feature for Chinese refineries. As shown in Figure 2 , methyl tert-butyl ether (MTBE) containing high octane number took up only 4.26% of the gasoline pool. Another high octane distillate, reformate shared only 25.85% of the gasoline pool. FCC gasoline made up 69.89% of the blend pool, but contributed 98 mg/kg and 33.1 vol.% olefin. In the view of the gasoline pool, it was necessary to decrease sulfur less than 13 ppm, and decrease the olefin less than 35 vol.% for the FCC gasoline. In Table 2 , ASTM analysis data of the feed showed that the initial boiling point (IBP) was 32.5 ºC, and the final boiling point (FBP) was 195.3 °C. The RON was 90.0. The detailed distribution of sulfur compounds is illustrated in Table 2 . Five main types existed in the FCC gasoline feed, including thiols, thioethers, thiophenes, alkylthiophenes and benzothiophenes. It was an impossible to remove all kinds of sulfur compounds in a single reactor, indicating relayed sulfur removal in multiple reactors was necessary. As shown in Table 3 , the type and quantity of hydrocarbon of the feed had been classified into five groups called, paraffins, i-paraffins, olefins, naphthenes and aromatics. The results showed that the major contribution of feed came from i-paraffins (36.9 vol.%) and olefins (33.1 vol.%). The feed also contained considerable aromatics which was 13.6 vol.%. The amount of n-paraffins (8.2 vol.%) and naphthenes (8.3 vol%) was very low. Among the 36.9
vol.% of i-paraffins, i-pentane comprised the major amount of 11.2 vol.%, followed by i-hexane of 9.3 vol.%. I-paraffins of heptanes, octane and nonane were 5.3, 3.9 and 2.7 vol.%, respectively. Among the 33.1 vol.% olefins, the major amount was pentene (11.5 vol.%) followed by hexenes and heptenes. Higher carbon number olefins were negligible. The aromatic content was of 13.6 vol.%, with majority of C 9 + aromatics (8 vol.%), followed by xylenes (4.0 vol.%). The content of toluene was 1.7 vol.%. No benzene existed in the feed. Naphthene content in the feed was 8.3 vol.% with C 7 and C 8 as major followed by C 6 and C 9 .
The 8.2 vol.% n-paraffin in the feed consisted of 3.0 vol.% n-pentane, 1.3 vol.% n-hexane and 1.5 vol.% butane as major components. The detailed analysis of the hydrocarbon composition helped us to understand the mechanism of the sulfur and olefin conversion happened in the latter reactor.
The product of prehydrogenation (Product I)
Reactor I was conducted to convert thiols to heavier sulfur compounds. The di-olefins reacted with As shown in Table 2 , the amount of di-olefins decreased from 1.2 to 0.1 gI/100 g after reacting with thiols. The thiols content and thiols conversion of Product I are shown in Figure 3 . During the 300 h run, the thiols content maintained at a low level, with an average of 3.29 mg/kg, and the thiols conversion reached above 85%. It was also proved in Table 2 , thiols such as methanethiol, ethanethiol and propanethiol disappeared in Product I. The unidentified sulfur components in Product I were supposed to be heavy thioethers, which was formed through chemical reaction between di-olefins and thiols, then condensed into heavy fraction. The hydrocarbon compositions of the feed and the Product I are compared in Table 3 . The content of olefin decreased from 33.1 to 30.4 vol.%. The major source of olefin loss came from C 4 and C 5 olefin. However, the content of n-paraffins and i-paraffins changed a little, indicating the olefin loss did not result from olefin saturation, might from some alkenyl aromatics such as styrene and propenylbenzene were hydrogenated into ethylbenzene and propylbenzene. The increase of aromatics can prove this point. From the above information, the thiols can be removed effectively with a little olefin saturation, indicating that only a little octane number was lost in Reactor I. The RON lost 0.6 units.
Properties of the light and heavy fraction
Yields of the light and heavy fraction were 42 and 58 wt.%, respectively. Properties of the two fractions can be read from Table 2 . The ASTM data proved that the light and heavy fraction had been separated completely. The sulfur amount in the light and heavy fractions was 2 and 132 mg/kg, respectively. Heavy thioethers, thiophene, alkylthiophenes and benzothiophenes were condensed into the heavy fraction. The detailed compositional analysis of the two fractions is given in Table 3 . The light fraction contained 45.7
vol.% i-paraffins, 40.6 vol.% olefins, followed by 11.9 vol.% n-paraffins and 1.7 vol.% naphthenes. The heavy fraction consisted of 29.5 vol.% i-paraffins, 25.8 vol.% olefins, 25.2 vol.% aromatics, followed by 14.3 vol.% naphthenes and 5.3 vol.% n-paraffins. Relative distribution of the various hydrocarbon types in the two fractions indicated existence of more i-paraffins and olefins in the light fraction, especially pentene and isopentane. More sulfur compounds and less olefin presented in the heavy fraction. One purpose of this stage was to preserve C 5 and C 6 olefins, another was to realize deep desulfurization by concentration all the heavy thioethers, thiophene, alkylthiophenes and benzothiophenes into the heavy fraction.
Product of the heavy fraction (Product II)
Total sulfur conversion (TSC) and olefin saturation (OS) were calculated as follows:
where S f and S p represent the mass fraction of total sulfur in the heavy fractions and products, respectively; O f and O p represent the volume fraction of olefin in the heavy fractions and products, respectively [16] . The properties of the Product II were shown in Tables  2 and 3 . The total sulfur content was decreased from 132 to 8 mg/kg. The total sulfur conversion reached 94%. All the benzothiophenes, most heavy thioethers and alkylthiophenes compounds had been removed, leaving seldom alkylthiophenes including thiophene, methylthiophen, dimethylthiophene and trimethylthiophen compounds. The reactivity of these sulfur compounds can also be defined as follow, benzothiophenes, heavy thioethers and asymmetric alkylthiophenes such as ethyl thiophene, propyl thiophene and methyl-ethyl thiophene were more easily removed. However, alkylthiophenes with relatively symmetric structure such as thiophene, dimethyl thiophene and trimethyl thiophene were more difficult to remove completely. In addition, thiophene was the hardest to remove due to its stable molecular structure. This result was consistent with the laboratory data [15] . Herein 0.4 mg/L propanethiol appeared again. H 2 S was apt to react with olefins to form into thiols. Therefore, another purpose of this stage was to eliminate the regenerated thiols compounds.
On the other hand, the olefin content was decreased from 25.8 to 19.6 vol.%. The Olefin saturation was 24%. The amount of i-paraffin is increased from 29.5 to 33.0 vol.%. A slight increase for n-paraffin and naphthene amount was also observed. The aromatic amount changed little. It can be inferred that the majority of the reactive species was olefin. The decrease of olefin content indicated their conversion into i-paraffin, and saturation into n-paraffin and naphthene. Herein, different from the laboratory data, the directional olefin conversion into aromatic didn't happen due to the reaction temperature below 350 °C [17] . At relatively low reaction temperature, directional olefin conversion into i-paraffin can realize olefin reduction and make up the octane loss. The data given in Table 3 The activated hydrogen reacts with n-olefin to form into a secondary-carbenium ion on the B acid center of ZSM-5 zeolite. This ion is rapidly transformed into an energetically preferred tertiary-carbonium ion which would react with the activated hydrogen and desorb as i-parffin from the surface. Overall, Reactors I and II were cascaded to behave superior sulfur conversion ability as well as acceptable octane loss by olefin directional conversion. The above results indicated that deep desulfurization happened in this stage of the GARDES process, while olefin reduction and octane preservation can also be realized.
Blend product analysis
Product II was blended with the light fraction to obtain the final product. The analysis results of the blend product are shown in Tables 2 and 3 . The final composition of the blend product can be compared with the feed to see the compositional changes of the FCC gasoline. The total sulfur content of the blend product decreased from 98 to 8.5 mg/kg, the total sulfur conversion was 91%. The olefin content decreased from 33.1 to 28.9 vol.%. The RON loss was 1.5 units.
There was an increase in i-paraffin, with little increase in n-paraffin and naphthene in the blend product. Hence, the overall change can be considered as the improving of FCC gasoline towards ultralow sulfur, less olefins and more i-paraffins with acceptable loss of octane number. As we mentioned in the configuration of the gasoline pool, the final product of FCC gasoline can satisfy the requirement of the deep desulfurization and olefin reduction.
CONCLUSION
GARDES technology has been applied to the hydrodesulfurization unit of Hohhot refinery. The operation results at two conditions were provided in the supplementary material (available from the author upon request). The results showed that:
1. Deep desulfurization can be completed by relayed removing different sulfur compounds in multiple reactors.
2. Olefin reduction with acceptable octane loss can be realized by directional olefin conversion into i-paraffins. , hydrogen consumption was 0.24%, total liquid yield was 98.98%.
With the above characteristics, GARDES technology has great capability and flexibility to produce ultraclean and high quality FCC gasoline. 
